Abstract -Adjustable Speed Drives (ASDs) have become the primary choice for most new and retrofit precision motorcontrol applications with increased system efficiencies and reduced system losses. The significant increase in the use of ASDs brings the need for understanding compatibility issues hehveen them and their electrical environment in order to design the electrical systems appropriately. Even though there has been numerous studies on ASD effects on power systems, models for predicting the effect of the source voltage sags or unbalance have been limited. This paper is devoted to analyze the characteristics of input current harmonics on the utility side and the distribution transformer K-factor for practical ASD systems under input voltage unbalance and sag conditions. The relationships between the unbalanced input voltages and input current harmonics, the input inductance and the input current harmonics, transformer K-factor are explored for 5 hp, 100 hp and 600 hp power distribution systems with ASDs. The results can be used as a design guide for pon'er distribution system design with ASDs. Theoretical derivations, simulation and experimental results arc presented in this paper.
INTRODUCTION
Various power quality problems and survey results in electrical distribution systems have been reported in [ I , 2, 31. Industries and businesses most commonly affected be these problems include: automobile manufacturing plants, medical centers, semiconductor plants, broadcasting facilities, and commercial buildings. It is estimated that industrial and digital economy companies collectively lose $45.7 billion a year to outages and another $6.7 billion each year to power quality phenomena [4] . Among the various power quality disturbances, voltage sags are considered to be the most frequent cause for process interruptions [5] .
The principal cause of voltage sags is an increase in load current that may extend over a period of one cycle to a few hundred cycles of the ac source [6] . Such short term increase in load currents may occur due to motor starting, transformer in-Nsh, short circuits and fast re-closing of circuit breakers [7] . A significant proportion of voltage sags caused by short circuit events result in a transient voltage unbalance. In addition to voltage sags that are transient events, a persistent unbalance may co-exist during the sag event .[SI. Fig. I illustrates field survey results of persistent voltage unbalances in U.S. distribution systems [9] . The objective of this paper is to quantify the effect of such short term and long term unbalances on modem electronic loads such as ASDs. system cost, while ensuring appropriate safety levels. Harmonic analysis of the source currents developed using the theoretical model presented in the paper leads to an accurate evaluation of the K-factor of the input currents. The theoretical model is verified using computer simulations on 5 hp, 100 hp and 600 hp ASDs and experimental verification on a 5 hp ASD system are presented in the paper.
CLASSIFICATION OF VOLTAGE UNBALANCE AND SAGS
Results from power quality surveys generally indicate that the most common voltage sags in three phase power systems to be of Types A, C and D [ 1, 7] . The voltages in all the three phases drop in magnitude by the same amount for Type A voltage sag. On the other hand, with a Type C or D sag, voltages in the three phases are affected differently. Fig. 2 illustrates the typical three phase voltage phasors under unbalanced conditions for Types C and D sags. In this paper, the focus is on the effects of Type D unbalance on the operation of a three-phase rectifier, although the analytical method presented herein can be extended to study the effect of Type C sags as well.
The severity of the voltage sag is defined through its 'characteristic complex voltage', V. In terms of the characteristic complex voltage, the input phase voltage expressions for a Type-D sag may be expressed as:
where the characteristic magnitude, a so-called 'PN factor', F is introduced. Applying this extended classification to voltage sag monitoring results has shown that the PN factor vanes between 0.9-1.0 [I] .
where unbalance% is based on the method using the threephase amplitude calculation. V, is the maximum or minimum amplitude of the three input phase Rh4S voltages (V, ,V,, VJ. Having defined the particular type of sag to be studied, along with a measure for the amount of the sag, their effect on the operation of three phase passive diode bridge rectifier is presented further to evaluate worst case operating conditions. Although the classification based on the type of sag is useful in studying their effects on circuits, it is common to quantify the amount of imbalance on the basis of percentages as described further. Applying the IEEE definition of phasevoltage unbalance in three-phase systems [14] , the amount of voltage unbalance is expressed as: Under balanced operating conditions. the current waveforms drawn by the rectifier are symmetrical in all the three phases, although they may be rich in harmonics. The harmonic modeling of such waveforms have been well known. However, under Types C and D voltage sag conditions, ASDs can easily go into the single-phase operation, even with a small amount of voltage imbalance. Under such operating conditions, the power circuit of the three phase rectifier may he reduced as shown in Fig. 4. 
THEORETICAL ANALYSIS OF WORST CASE INPUT
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B. Bounday Condifions for Single Phase Conduction
It is important to identify when ASDs start the single-phase operation under input voltage unbalance or some sag events. This process can be rather complex because it involves the interactions among all these circuit quantities: characteristics of unbalance or sag events, input inductance, dc bus capacitance, and the load.
As an example, Fig. 5 provides the analysis results of the boundary conditions obtained using computer simulations for a 5 hp, 460V ASD system. The voltage sag condition is type C with the rms unbalance of 2.5%. It is critical to realize the fact that a small unbalanced input voltage can result in the ASD single-phase operation. The boundary conditions for Type D can be evaluated in the similar manner. 
C. Dynamic solufion of input currents
The equivalent circuit of the rectifier system under singlephase operating conditions under discontinuous conduction is illustrated in Fig. 4 . Furthermore, depending on the conduction state of the diodes the circuit operation can be broken down further into four modes (a)-(d) as illustrated in The input line current and the dc bus voltage react to variations to the ac voltage and determine the instants at which the different operating modes begin and end. In particular, during modes (a) and (c), the system is governed by energy exchange between the source, load and the inductor and capacitor, and hence may be considered the power transfer interval. On the other hand, during modes (h) and (d), the energy stored in the capacitor is used to supply the load and hence may be considered discharge interval. Typical dc bus voltage and inductor current waveforms over an entire ac cycle are illustrated in Fig In Fig. 4 , when the PWM inverter is modeled as a resistive load, we may define the dc bus current (id) and voltage (V,) as state variables in a Znd order system. It is readily evident from the examination of Fig. 6(a) , that the circuit operation is govemed by a second order differential equation coupling the dynamics of the inductor current and the capacitor voltage, excited by the sinusoidal ac voltage waveform. The solutions of the dc bus voltage (V,) and current (id) to the second order differential equation (for an under-damped system) may he expressed as:
Vdt,). e t, < t < r,
Additional details about the derivations and definitions and significance of the various coefficients may be found in appendix and in [ 151.
The closed form expressions for the dc bus current (id) and voltage (V,) enable us to compute the power quality indices of input current harmonics and transformer K-factor as (9) In the K-factor definition of Eq. (1 2), Ih is the RMS current at harmonic h represented in per unit of rated RMS load current.
D. Theoretical Resulfs
Applying the closed form equations for the dc bus current (id-) and voltage (Vd), from the previous section, detained
Fourier harmonic analysis of the input currents may be performed. Results from a selected case is illustrated further in detail, for the case with a 2.5% Type D unbalance in the input voltage with 1% line inductance at half load. The modem ASDs in the market place have a typical dc bus capacitance between 75-360 pFkW [IO] , or 56-268 pF/hp. 66 p F h p is used for dc bus capacitance in the analysis here.
Figs. 8 and 9 show the input current waveforms in phases A and B and their harmonic spectra respectively. The uncharacteristic harmonics of 3rd, 9Ih, etc. are present under unbalanced input voltage conditions. Phases A and B under the type D unbalance are in single-phase conduction with unequal current peaks. The retum path for the currents is through phase C. There are two unequal peaks in phase C current in each half cycle as will be evidenced in the simulation and experimental results.
Under these unbalanced operating conditions, the calculated input current total harmonic distortions (THDs) are 132.2% and 109.4% in phases A and B respectively; the corresponding transformer K-factors are 1.02 and 4.49.
In comparison, under balanced operating conditions, the three phase bridge rectifier features an input current THD of 58.1% [SI. Through computer simulation and analysis, the input K factor for the balanced case is 2.69 on all three phases. These power quality indices are degraded under the input voltage unbalance and sag conditions. 
1V. SIMULATION ANALYSIS
A detailed computer simulation of the system illustrated in Fig. 3 was developed in order to verify the analytical results and to evaluate the input current harmonic characteristics and the transformer K-factor for 5 hp, IO0 hp and 600 hp ASDs in the power distribution environment. Although the analytical models were developed on' the basis of a resistive load, the simulation utilized the complete model of the inverter including the space vector pulse width modulation (SVPWM). Computer simulation was developed in Siniplorer circuit simulator. The circuit parameters are: R, = 10 mQ, L, = I%, 3%, 5%, Cd = 330 pF, 3300 pF, 19.8 F for the 5 hp, 100 hp and 600 hp systems respectively. The input voltage unbalances are swept through OS%, I%, 2%, 2.5%, 5% for Type D input voltage unbalance. Time (Sec) Figure 14 . 600 hp ASD input three phase current waveforms respectively from top to bottom for type D 2.5% input voltage unbalance. Fig. 15 shows the input current harmonic spectra at the same conditions of Type D, 2.5% unbalance, 600 hp ASD system as in Fig. 14 . The 31d harmonics exist in all three phases as long as the input voltages are unbalanced. The various harmonic values are lower than their counterparts in the 100 hp example, partly due to the fact that the 600 hp system has larger DC bus capacitance value. It changes the dynamics of the system according to the solutions in Eqs. (9) and(10). The studies in this paper not only apply to a single 100 hp or 600 hp ASD system, but also are valid for multiple ASDs totaling 100 hp or 600 hp in a power disFibution network.
A. Time-Domain Waveforms
B. TrendAnalysis
As Type D input voltage unbalance is swept from 0.5% to 5%, the upper plot of Fig. 16 shows the worst case input current total harmonic distortion variations among all three input phases, with the input line inductance ranging from 1% to 5%, for a 5 hp ASD system. The worst case current THD is always on phase A due to its severe discontinuity and lower amplitude. The phase A current finally ceases to exist at 5% Type D unbalance with I% input inductance, while phases B and C are in single phase conduction mode. The higher THD trend is a result of lower input inductance and deeper input voltage unbalance.
The lower plot of Fig. 16 shows the worst case input distribution transformer K-factor variations with the input voltage unbalance percentage, for the same 5 hp ASD system as the input line inductance vanes from I % to 5%. The Kfactor is a strong function of input inductance values. The Kfactor increases significantly as the input inductance value decreases.
These plots can be used for electrical system design at large for equipment selection. As the Type D input voltage unbalance is swept from 0.5% to 5%, the upper plot of Fig. 17 shows the wont case input current harmonic variations among all three input phases, with.the input line inductance ranging from I% to 5%, for a 100 hp ASD system. The DC bus capacitance value is at 3300 pF and the load is at 50%. The input current THD gap between the 3% and 5% input inductance cases is narrowed as compared to the 5 hp situation. The THDs at 1% input inductance value are much higher. The lower plot of Fig. 17 shows the worst case input distribution transformer K-factor variations with the input voltage unbalance percentage, for the same 100 hp ASD system as the input line inductance varies from 1% to 5%. The K-factors tend to increase for smaller input line inductance values. K-factor is defined as 1 for linear loads and it is as high as 16 in the studies here for the non-linear ASD systems.
The K-factor in each phase is different since the input voltage unbalance causes the input currents becoming unbalanced. These plots can be used for transformer selection for industrial systems feeding ASD loads.
As Type D input voltage unbalance'is swept from 0.5% to 5%, the upper plot of Fig. I8 shows the worst case input current harmonic variations among all three input phases, with the input line inductance ranging from I% to 5%, for a 600 hp ASD system. The system parameters are the same as indicated earlier. The THD profiles between the 100 hp and 600 hp systems are very similar.
The lower plot of Fig. I8 shows the worst case input distribution transformer K-factor variations with the input voltage unbalance percentage, for the same 600 hp ASD system as the input line inductance varies from 1% to 5%. The K-factor is higher for smaller input line inductance case and it does not change significantly as the input voltage unbalance varies for the 3% and 5% line inductance values individually. In summary, as the input voltage unbalance is changed from 0.5% to 5%, input current harmonic characteristics, the distribution transformer K-factors have been evaluated in detail. The relationships between these quantities and the input line inductance values have been determined for power distribution systems with 5 hp, 100 hp and 600 hp ASDs respectively. In actual field applications, the ASD dc bus capacitance values may vary depending on the installations. The analysis in this paper provide the general guidelines for power systems consisting of one 5 hp, one 100 hp, one 600 hp ASD system, or a number of various horsepower systems totaling 5 hp, 100 hp, 600 hp ratings.
V. EXPERIMENTAL RESULTS
Within the range of the simulation conditions, the case with 2.2 mH input line inductance under 2.5% Type D unbalanced input voltage condition is verified experimentally using a 5 hp, 4-pole, 460 V, 60 Hz ASD and a dynamometer test bed.
The test configuration is illustrated in Fig. 19 , consisting of a programmable voltage sag generator, a drive isolation transformer, the ASD under test, a 5 hp induction machine, a dynamometer load machine excited by a four-quadrant ASD, and a Labview-based computer system designed to provide data acquisition, monitoring, and control functions. Figs. 21 through 23 present the spectra of the input currents and the total harmonic distortion (estimated using 21 harmonics) for phases A, B and C respectively. The strong presence of 3*d harmonic content in all the three phases is clear from the spectra. Such uncharacteristic harmonics present problems in the field applications where only the 5" and 7Ih harmonic filters may be typically installed for power quality improvement. A comparison of the input current THD obtained using theoretical analyses, simulation results and experimental measurements is presented in Table I 
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Since phase C current is just the superposition of phases A and B currents, the theoretical analysis on phase C current is not included in Table 1 . The measured input current THDs for the 5 hp setup are in the good agreement with the significant undertaking to conduct the experimentation on the 5 hp ASD system. Even though the tests are not performed on 100 hp and 600 hp power systems, the authors believe that the theoretical analysis and simulation research provide accurate predictions on the actual system characteristics.
VI. CONCLUSIONS
The original derivations of closed form equations for the ASD dc bus voltage and input ac current, during the unbalance or sag events, are used to critically evaluate the ASD performances in power distribution systems. The contribution of this theoretical analysis is based on the fact that a practical ASD model with both FINITE line impedance and FINITE dc bus capacitance is used. The complete ASD simulation models are established by implementing the Space Vector Pulse Width Modulation (SVPWM) for inverter operations. Extensive simulations are conducted for 5 hp, 100 hp and 600 hp ASDs in typical power distribution systems. Key effects on input current wavefom qualities, harmonic distortions and distribution transformer K-factors under input voltage unbalance and sag conditions are investigated.
To further verify the theoretical and simulation results, the experimental setup including a dynamometer and data acquisition system was established and the results were presented for a 5 hp ASD system.
The K-factor transformer may survive the harmonic losses without overheating. However, both the losses and waveform distortion remain due to the inherent design of the transformer in the ASD power distribution systems. This renders the K-factor transformer a survival product rather than a treatment product. Nonetheless, this paper has quantified the K-factor effects in aiding the selection of the transformers for cost and safety in the ASD power distribution systems, especially under the input voltage unbalance and sag conditions.
APPENDIX: CLOSED-FORM DERIVATION
It is clear from Figs. 6 and 7, the solution of the circuit operation needs to he developed for only one half cycle of the ac voltage waveform. The solution of the circuit operation developed for Modes (a) and (h) may he readily extended to Modes (c) and (d) through translations in time. Furthermore, it may be observed that during Mode (h), the ac current is zero and the dc bus voltage follows a decaying exponential trajectory whose time constant is defined by the load resistance and the dc bus capacitance. Therefore, it only remains that the operation of the circuit he solved during Mode (a), as described below. where r is the equivalent damping time constant of the second order system, and w is the ac excitation frequency, and .Q is the equivalent damped resonant frequency of the second order system. The first term in (A-I) represents the natural response of the second order resonant circuit to a set of arbitrary initial conditions, and the second term in (A-I) represents the forced response of the circuit to the sinusoidal excitation. The values ofA and f , are determined to meet the initial conditions of the second order circuit. The values of N and t, are determined by solving the equivalent circuit at the excitation frequency. rand CZ can be calculated as Solving the trigonometric equations (A-8) and (A-9) together simultaneously, we may obtain A and f , as
